This paper presents design analysis of a compact CPW-fed Wearable Textile Antenna with Dual Band notched characteristics for UWB applications. The proposed wearable textile antenna is designed on two different dielectric substrates; leather and denim with copper foil as conducting element. The performances of the designed textile antenna are compared on two substrates. Band-notched filtering characteristics are achieved by inserting semicircular split ring resonators on the conducting element. The first notch band is obtained from 2.3-2.5 GHz for Bluetooth application band, and the second notch band is obtained from 3.3-3.6 GHz for WiMAX application band. The simulated and measured frequency results show that the antenna has an impedance bandwidth of 1.8-10 GHz and reflection coefficient less than −10 dB, except at the two eliminating bands. The proposed antenna is designed and simulated using Ansys HFSS Electromagnetic Simulator. The prototype of the antenna has been developed on the denim substrate, and its performance is measured and compared with the simulated ones.
INTRODUCTION
From the past few years, the rapid progress in the development of wearable computing potentially increased the demand for body-worn devices which could be easily integrated with fabrics. Wearable textile antennas can be one of these devices. Generally, wearable antennas consist of a conducting material (patch/radiating element), printed on a dielectric substrate. The dielectric substrate can be any fabric/textile-like cordura, cotton, polycot, jeans cotton, denim, leather, fleece, etc. Flectron, Shieldit Super, Shieldex Nora, Zelt, Copper foil, and Pure copper taffeta fabric are the few commonly used conducting materials [1] . These antennas have gained much attention due to their robustness, small profile, flexibility, simple design, light weight, ease of integration into the garments, and its sustainable optimum performance [2, 3] . Because of these advantages, wearable textile antennas have a wide range of applications in the area of medical stream [3] [4] [5] , public safety [6] , emergency rescue systems [7] , navigation [8] , entertainment, aeronautics, tracking a person in defense and mining [9, 10] and have also found a solution for the implementation of wireless body area network (WBAN) [2, [11] [12] [13] , on-offbody [14] [15] [16] [17] , and Body Centric wireless communications (BCWC) [18] [19] [20] . In open literature, several topologies have been presented for the development of the wearable textile antennas which include 3D printing technology [21, 22] , PIFA [11, 23, 24] , IIFA [25] , Substrate Integrated Waveguide technology (SIW) [14, 16, 26, 27] , aperture coupled [28, 29] , microstrip patch [16, 17] , CPW fed [2, 21, 30, 31] , EGB based [4, 32, 33] , meta material based [34, 35] , and cavity based textile antennas [36, 37] .
The introduction of unlicensed ultra-wideband (UWB) by the Federal Communications Commission (FCC) has attracted research interest in realizing UWB antennas for wireless applications. UWB technology allows implementation of multiple applications on a single antenna and also offers low-power operation, extremely low radiated power, high capacity, multipath robustness, and multi-access, thus is very attractive for body-worn battery-operated devices [38] . Most of the UWB antennas obtain their wideband property by using wideband planar monopole concept as in [21] , introducing slots on the radiating element/ground plane [39] [40] [41] , tapered-shape slots [42] [43] [44] , designing radiating element and a ground plane structure in the form of half circle [45] , and partial ground plane structures [38, 46] . UWB antennas are suitable to cover mobile and wireless services and to reduce the system complexity by reduction of the overall device dimensions and costs. Therefore, merging UWB technology with wearable computing would be advantageous. But the primary issue with the UWB antennas is that their operation may interfere with other wireless communication systems. To minimize this interference problem, UWB antennas can be designed with notched-band characteristics. Various methods have been studied to achieve band rejection functionality in antennas such as etching out different shapes of slots [39, 45, 47 ], E-shape slot [48] , half-wavelength and quarter-wavelength types of slots [49, 50] , square slot [46] in the patch, H-shaped structure on the rear side of the antenna [51] , using conventional methods of band notching like placing T-shaped parasitic strip in ground plane and a complimentary single split ring resonator (CSSR) on the patch [52] , incorporating the electric ring resonator (ERR) [53] , complementary split ring resonator (CSRR) with a CPW structure [54] , placing S-shaped slits cut in the ground plane, an elliptical ring slot (ERS) in the patch [55] , and placing dual mushroom-type electromagnetic-band gap (EBG) structures on the CPW feeding line [56] .
In this paper, a wearable textile antenna with dual band-notched characteristics for UWB applications has been designed on leather as well as on denim, and results are compared. The notch frequencies in the passband of UWB are introduced by etching semicircular ring resonators in the patch. To the best of the authors' knowledge, very few wearable textile antennas have been designed for UWB applications, and no antenna has band notched characteristics. The proposed antenna is the only one with dual band notched characteristics that works for UWB application. Ansys HFSS Electromagnetic Simulator has been used for simulations, and results are presented. The geometrical configuration is presented in Section 2. The design approach and simulated results are discussed in Section 3. Antenna performance is described in Section 4. Finally, Section 5 presents the conclusion of the proposed antenna.
ANTENNA GEOMETRY AND DESIGN
The fundamental design of the proposed antenna is shown in Figure 1 . This antenna, namely Antenna 1, consists of a semicircular radiator with radius R 1 = 20 mm along with two semicircular split ring resonators (SSRR), mounted on a 2 mm thick leather substrate with a relative permittivity of 2.27 and loss tangent of 0.02, and is fed using coplanar waveguide transmission line with a gap, g = 0.5 mm. The conducting material used is copper foil. The overall dimensions of the proposed antenna are 43 × 40 × 2 mm 3 . The radius of the semicircle is the analytical parameter to obtain a UWB frequency operation.
The final design of Antenna 1 is optimized taking several aspects into consideration such as bandwidth of the antenna, bandwidth of notched bands, and level of notched-bands. The optimized parameters used in this design are listed as follows: L 1 = 43 mm, W 1 = 40 mm, L 2 = 23 mm, W 2 = 17 mm, W 3 = 5 mm, R 1 = 20 mm, R 2 = 13 mm, R 3 = 12.5 mm, g = 0.5 mm, d = 1.5 mm, D 1 = 5.3 mm, D 2 = 5 mm, D 3 = 14.2 mm, D 4 = 14.5 mm, S 1 = 0.2 mm, S 2 = 0.5 mm, h = 2 mm. Figure 2 demonstrates the evolution of the proposed antenna. From this unique design, the antenna operates in the UWB frequency range, covering an impedance bandwidth ranging from 2.24 to 11.20 GHz. In order to achieve band-notched characteristics, Antenna 1 is modified by inserting a semi-circular ring slot into the radiating patch as shown in Figure 2 (b). As a result of this modified structure, a single notch is obtained. Another slot is added in the patch to achieve the second notch as shown in Figure 2 (c). The closed ring structure of the slots has been modified as an open ring slot structure by splitting it from its center to tune the notch frequency to the desired frequency band by varying the distance between the two ends of the rings. Figure 2 (d) represents the optimized design of Antenna-1 with two split ring resonator structure.
DESIGN APPROACH AND SIMULATED RESULTS
Antenna-1 had undergone several evolutions to achieve the desired performance. Parameters S 1 , S 2 , d, D 1 , and D 2 were varied with a range of values as part of the optimization process. A semi-circular slot is embedded into the patch as shown in Figure 2 (b) which is responsible for the introduction first notch. The width (S 1 ) of the slot is varied from 0.6 mm to 0.2 mm. Table 1 displays the notch band operation for different values of S 1 , and the corresponding plot of return loss characteristics are shown in Figure 3 .
From the data provided in Table 1 , it is observed that as S 1 decreases the notch band shifts towards lower frequency, and the effective bandwidth of the notch slightly gets narrow. Therefore, the optimized value of S 1 is selected to be 0.2 mm. For the second notch at the higher frequency, another semi-circular ring slot, with width S 2 , is inserted into the patch as shown in Figure 2 (c). Simulations are performed for the combination of different values of S 1 and S 2 by optimizing the distance d between the two slots. The considerable distance between the two slots is optimized by varying d from 2.5 mm to 1 mm. In the first case, d is fixed as 1.5 mm, and the results are tabulated in Table 2 . The return loss characteristics for data corresponding to Table 2 are displayed in Figure 4 .
As mentioned previously and with observations made from the above return loss characteristics plot, the decrease in the slot width results in a shift of the first notch towards lower frequency and narrowing of the bandwidth of the notch frequency. Therefore, the optimized value of S 1 is selected to be 0.2 mm. From the simulations performed for the above three combinations, it is found that UWB is obtained for the third combination of 0.2 mm and 0.5 mm as slot widths for the first and second slots, respectively. The first slot with S 1 as 0.2 is responsible for the first notch whose bandwidth falls under IEEE 802. 16 WiMAX application band (3.3-3.6 GHz covering 3.3 GHz and 3.5 GHz, respectively), and the second slot with S 2 as 0.5 mm is responsible for the second notch with the bandwidth applicable for rejecting AMT-fixed services application band (covering 4.5 GHz). Therefore, choosing the optimized values for S 1 and S 2 as 0.2 mm and 0.5 mm, respectively, the distance d between the two ring resonators is varied to observe further variations in the frequency shift of notched-bands. Here, d is set as 1 mm first and then increased by 2 mm. Table 3 displays the variation in frequency band shift as d varies from 1 mm to 2 mm, and also the return loss characteristics are plotted as shown in Figure 5 . As we decrease d from 1.5 mm to 1 mm, the first two notches are under application bands, but there is an introduction of the third notch band which is inapplicable for rejecting any applications. When d is increased to 2 mm, four notch bands are introduced which are not following under any application rejection band. From the simulations carried out by varying the parameters like S 1 , S 2 , and d, the results obtained are not satisfactory to achieve the rejection of Bluetooth notch. To get the rejection property at 2.4 GHz and 3.3 to 3.6 GHz, the notch frequencies are shifted towards left by modifying the structure of closed ring slots to open ring slots. The ring's structure has been changed by splitting it from its center as shown in Figure 2(d) . The distances D 3 = 14.2 mm and D 4 = 14.5 mm between the two ends of SSRS are varied to tune the frequency notched-band to fall under rejection band for desired applications. The return loss characteristics, for the optimized design of Antenna-1, are shown in Figure 6 . Figure 6 shows that the antenna operates with an impedance bandwidth of 1.8-10.7 GHz that includes UWB frequency and reflection coefficient less than −10 dB, except the two eliminated bands to reject the Bluetooth application band at 2.4 GHz and the WiMAX application band 3.3-3.6 GHz. Figure 7 shows the overall gain ranging from 1.5 to 4 dB for a frequency range of 1.8 to 10.7 GHz.
Taking the dimensions of Antenna-1, Antenna-2 has been designed on a 0.7 mm thick denim whose dielectric constant is 1.7 with a loss tangent of 0.05. The return loss characteristics of Antenna-2 are compared with Antenna-1. The first notch for Antenna-2 is obtained from 2.3 to 2.6 GHz, but the second notch is achieved from 3.9 to 4.6 GHz which does not come under the WiMAX band. Figure 8 represents the comparison of the return loss characteristics between Antenna-1 and Antenna-2.
To make the band notches fall under Bluetooth and WiMAX application regions, Antenna-2 is further optimized by decreasing the distances D 1 and D 2 between the two ends of the split ring resonators. The modified structure of Antenna-2 with dimensions D 1 = 8.2 mm, D 2 = 8.5 mm, h = 0.7 mm is shown in Figure 9 .
Finally, Antenna-2 is fabricated on denim with these modified dimensions, and the fabricated prototype is displayed in Figure 10 .
ANTENNA PERFORMANCE
Measured and simulated return loss characteristics of Antenna-2 are shown in Figure 11 . Simulated results cover impedance bandwidth less than −10 dB ranging from 1.8 to 10 GHz that includes the UWB frequency range with dual notch bands, one from 2.3 to 2.5 GHz and the other from 3.2 to 3.7 GHz. The measured results slightly vary from simulated ones due to fabrication inaccuracy.
To study the on-body performance, the antenna is placed on the tissue of female human volunteer. The on-body S 11 performance is evaluated by placing the antenna on arm of the human body as shown in the photograph in Figure 12 (a). The reflection coefficient (S 11 ) is measured in the frequency range 1 to 10 GHz using a Keysight Foxfield Microwave Analyzer N9916A that works up to 14 GHz in Network Analyzer mode. Figure 12 (b) indicates the comparison between simulated and measured (Off-body and On-body) S 11 characteristics of Antenna-2. It is observed from the on-body measured results that two notch bands are shifted towards lower band of frequencies compared with off-body measurements. The two notch bands are 2 to 2.6 GHz and 3.3 to 3.6 GHz, respectively. A figure of 8 pattern is obtained in horizontal plane and omnidirectional pattern in vertical plane at 2.09 and 3.28 GHz as shown in Figure 13 (a) and Figure 13 (b), respectively. Directional radiation pattern is observed at 6.74 GHz shown in Figure 13 (c). Figure 14 depicts the measured and simulated gains of Antenna-2. The measured result shows that overall gain varies from 1.26 to 5.09 dB for the UWB range covering from 1.8 to 10 GHz. Table 4 presents the comparison of several wearable UWB antennas available in the literature. It is observed from the table that the proposed antenna works for UWB applications with two notch bands with moderate gain where the other antennas have no notch band characteristics. This is the major advantage of the proposed antenna.
CONCLUSION
A CPW-fed Wearable Textile Antenna with Dual Band-notched characteristics for UWB applications is designed on both leather and denim dielectric textile materials and simulated using Ansys HFSS Electromagnetic Simulator. The measured results of denim antenna are compared with simulated results. The property of dual band notched characteristics is achieved by employing split ring resonators into the semi-circular patch of the antenna. The simulated results show that the realized dual bandnotched antenna has an impedance bandwidth from 1.8 to 10 GHz and reflection coefficient less than −10 dB with dual notched bands centered at 2.4 GHz (Bluetooth application band) and 3.3-3.6 GHz (WiMAX IEEE 802.16 application band). Stable radiation patterns are obtained for the UWB for the gain over a range of 1.26-5.5 dB. The antenna is compact and simple in structure. The proposed antenna can be used for wearable UWB body worn Bluetooth, WiMAX interference free application.
